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METHOD OF TESTING. 


Introductory Note. 


In surveying Dominion lands, astronomical observations are made on 
stars in daylight and the stadia is employed for measuring distances up to half 
a mile with rods divided to tenths of links. Both methods require telescopes 
of excellent quality in view of the limited dimensions compatible with ordinary 
survey instruments. The staff of the Surveys laboratory have thus been led 
to devote considerable attention to tests of small telescopes. It is proposed to 
describe their method of testing and incidentally, to give the experimental data 
gathered in working out the method. 

The investigations were conducted by W. C. Way, who is in charge of the 
laboratory. All the data were observed by him and by his assistants. 


The Essential Characteristics of a Surveyor’s Telescope. 


The telescope’s features which are of interest to the surveyor are the bright- 
ness, the magnification, the field of view, the resolution or resolving power, and, 
to a lesser degree, the fall in resolution from the centre to the margin of the 
field. Distortion, which would affect the readings of a rod near the margin, 
is of no importance, rods being read always in the centre. The various aber- 
rations do not interest the surveyor otherwise than as they affect the resolution. 

The measurement of the magnification and of the field of view is a simple 
matter. Disregarding the loss of light through absorption and reflection, the 
brightness may, for the surveyor’s purposes, be taken as proportional to the area 
of the exit pupil of the telescope, the diameter of which can be either measured 
or calculated from the objective’s diameter and the magnification. All that 
remains to be ascertained by the tests is the resolution. 


The Resolution. 


In the system adopted by the Surveys Laboratory, the unit of resolution or 
resolving power is the resolution of unassisted vision. If a be the smallest 
detail of an object that can be seen with the naked eye, the ogni Ola 
telescope is held to be R when the detail seen through it is:— PRS (aE 


a 


R 


In other words, the resolution is R when the details seen through the 
telescope are R times smaller than can be seen with the naked eye. 
The resolution is determined by trial of the telescope upon a test object. 
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Apparatus. 


The test object is a transparency 40 x 45 centimetres presenting a series of 
sets of clear circular dots on an opaque ground. It is illuminated from behind 
by eight 40-watt tungsten lamps. Three suitably spaced ground glass plates 
between the lamps and the transparency diffuse the light and produce even 
illumination. The dots in each set are uniformly spaced, their diameter being 
one-tenth of their interval. This interval decreases in geometric progression 
from one set to the adjoining one, the ratio of the progression being :— 


— | 
1-05 


Each of the smaller sets contains 2,500 dots. To save space, the larger ones 
with coarse dots have not quite so many. The upper part of figure 8 represents 
portions of four adjoining sets. 


Beyond the limit of resolution, a set appears as a surface uniformly illum- 
inated. The test consists in ascertaining the finest set in which structure can be 
detected. 

The apparatus is installed in the building of the comparator for measures of 
length. The transparency is against the wall at one end of the building and the 
telescope stand near the other end, 42-80 metres away. A small lamp behind 
the observer gives just enough light for manipulating the telescope: otherwise 
the room is in complete darkness. 


Numbering of the Sets. 


That set in which structure can just be detected from the telescope stand 
by unassisted vision is numbered one. The angle subtended by the dot interval 


of this set was found by the laboratory observers to be 0-000 405, or about 


= 


1’23’’. It is one inch at 206 feet, 8 inches at 25 chains, and 12-8 inches at halfa 
mile. 


Any other set is numbered R when the angle subtended by the dot interval is 


0-000 405 
R 


It follows that the resolution of a telescope is the serial number of the set in 
which structure can just be detected through the telescope. 


The constant 0-000 405, from which the serial numbers are calculated, isa 
physiological factor which varies with individuals: it may even vary with the 
physical condition of the observer. When proceeding with resolution deter- 
minations, the observer must, from time to time, ascertain his personal equation 
or factor by observing with a telescope of known resolution. All the results of 
observation are multiplied by the personal factor found. 


on 


Observation of the Resolution. 


The observation for resolution is first made by examining the image of the 
dots in the centre of the field and noting the smallest set in which structure can 
be detected. With a good telescope, structure is quite plain in one set and 
absent in the adjoining one. The correct number is interpolated by estimation. 
With a poor telescope, the determination is more uncertain: this uncertainty is a 
fairly good test of quality. 

The falling off in definition away from the centre is measured by the decrease 
in resolution read upon an eccentric image. By adopting a constant angle for the 
direction of the eccentric image, the results with different magnifications or 
telescopes are comparable. 

Telescopes of equal resolution do not always disclose equal detail under all 
conditions. If the object viewed is feebly illuminated, the telescope having the 
largest exit pupil and the brightest image shows greater detail and the other 
telescopes appear to have less resolving power, but with the intense illumination 
provided behind the transparency dots, the changes in brightness due to 
differences in area of the exit pupil do not, within practical limits, affect the 
resolution of the telescope. 


Aberrations. 


The nature of the aberrations is disclosed by the changes which they cause 
in the aspect of the dots in and out of focus. So far, little attention has been 
devoted to the subject at the laboratory as it is not of material importance for 
the purpose in view. - 


Reading of Graduated Rods. 


Among the problems which present themselves to the surveyor is to find the 
resolution necessary for reading graduated rods. 
Let d be the width of one division of the rod and L the distance. The 


angle subtended by one division being ue the resolution required for detecting 


structure is :— 


0-000 405 * L 
d 
This resolution is just enough to perceive that the rod is graduated. For 


counting and reading the divisions, the laboratory experiments indicate that 
about one-fourth more resolution is required. 


R= SC 0-000 405 xX L 


or approximately :— 


~ 2000d (1) 
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A number of problems can be solved by means of the above relation between 
the distance of a rod, the width of the divisions, and the resolution needed to read 
them. 


Example 1.—What resolution is needed for measuring half a mile with 
a stadia rod graduated to tenths of a link? 


In equation (1), ZL and d are 40 and 0-001 chains 
respectively, hence :— 


R=20. 


Example 2.—How far can a rod divided to hundredths of a foot be read 
with a resolution of 15° 


Equation (1) gives:— 
L=300 feet. 


Example 3.—What is the smallest division which can be read on a rod 
at 440 metres with a resolution of 22°? 


Equation (1) gives:— 


=O fe mietres: 


EXPERIMENTAL DATA. 
Further Definitions. 


In working out the method of testing just described, the laboratory staff 
had to make a number of experiments which throw some light upon the causes 
affecting the resolution and may be related as connected with the subject. 

The definition of “‘ resolution ’’ may be extended to the case of an objective; 
the resolution may be called R when the dots of the set number R are separated 
in the focal plane image. 

By definition, the resolution of the eye at full aperture is unity. The 
resolution becomes less than unity when the effective aperture of the pupil is 
sufficiently reduced, as when looking through a small hole or through the exit 
pupil of a telescope of high magnification. 


Notation. 


R—Resolution or resolving power of a telescope or of an objective. It has 
already been defined. 


M—Magnification of a telescope. It is the ratio of the focal lengths of objective 
and ocular, or of the diameters of effective aperture and exit pupil. 


D—Diameter of an objective or effective aperture of a telescope, in millimetres. 
F—Focal length of objective in millimetres. 
f—Equivalent focal length of ocular in millimetres. 


e—Diameter of the exit pupil of a telescope or of a circular diaphragm placed in 
front of the eye, in millimetres. 


R : 

7H Resolution factor of an objective or telescope, or resolution per millimetre 
of aperture. 

A ne factor of a telescope or magnification per millimetre of 
€ 


aperture. It is equal to the reciprocal of the diameter of the exit pupil. 


r —Resolution or resolving power of the eye when looking through a circular 
diaphragm or a telescope’s exit pupil. 


” Resolution factor of the eye when the diameter of the pupil is e. It varies 


© — with the pupil aperture. 


T, t—Angle subtended by a dot interval or by the radius of a diffraction ring. 
A\—Wave length of light, in microns. 
General Principles. 
The angle ¢ subtended by the dot interval of the set R is:— 


, 0000 405 
as eure 


Seea through a telescope, the angle is magnified M times and becomes :— 
T=0-000 405 i 
ie R 


To be able to resolve this angle, the resolution of the eye must be not less 
than :— 


1 9000 405 _ R 
T M 


or:— R=Mr (2) 


Hence :— 


(1) The resolution of a telescope cannot be greater than the product of the 
resolution of the eye corresponding to the size of the exit pupil, by the magnification. 


With high magnifications, the exit pupil is small and the resolution of the 
eye less than unity. Hence:— 


(2) With high magnifications, the resolution of a telescope 1s always less than 
the magnification. 


The aperture D of the telescope being equal to Me, equation 2 may be 
changed to:— 


’ Hence :— 


(3) The resolution factor of a telescope cannot be greater than the resolution 
factor of the eye for a pupil aperture equal to the exit pupil of the telescope, nor can tt 
be greater than the resolution factor of the objective. It must therefore be the lower of 
the two factors. 


According to these rules, the resolution of a telescope is limited either by the 
resolution of the objective, or by the resolution of the eye in conjunction with the 
ocular. Each must be investigated separately. 


Diffracted Images. 


It is shown by the mathematical theory of diffraction that the image of a 
luminous point in the focal plane of an objective is not a point, but a bright 
circular patch surrounded by alternately dark and bright rings. The angular 
radius ¢ of the first dark ring is:— 


r 
t=1220— 
D 


in which J is the wave length of light and D the diameter of the objective. 

It is generally accepted that two luminous points are seen separated when the 
first dark ring of one image passes through the centre of the other image, that is, 
when the angular distance of the points is equal to the radius of the first dark 
diffraction ring. The illumination midway between the points is then 74 per 
cent of the maximum. 

If this rule were applicable to the dot transparency, the resolution of the 
objective would be :— 


0-000 405 0-322 
R=————— = — 
t ON 


Taking 0:56 microns for the wave length of the brightest part of the 
SPeceruil. 


D 


R=0-59 D 


D 


The rule is not strictly applicable to the dot transparency which must give 
slightly greater resolution. Moreover, the value of the coefficient depends upon 
the quality of the definition required in the image. 


The highest value derived from visual experiments by the laboratory staff 
is — 


R=0:-63 D 


The illumination of the darkest spots of the image is then 59 per cent of the 
brightest spots. 


Resolution of the Eye. 


As already stated the angle subtended by the dot interval of transparency 
set number one, which can just be resolved by unassisted vision from the telescope 
stand, was found to be 0-000 405. 


This coefficient can also be obtained by observation of the dots at closer 
range. No material change was noticed until the distance from the trans- 
parency became smaller than 7-50 metres, when the coefficient commenced to 
decrease. The observations could not be made at distances less than one metre 
because of the impracticability of producing by photography sets of dots 
sufficiently fine, the dots being enlarged by diffraction. The difficulty was 
overcome by observing with an ocular of long focal length the image in the focal 
plane of a good objective of large numerical aperture; the mean of a great 
number of observations gave 0:000 37. It would thus appear that the vision of 
the observers was ten per cent keener when looking at an image through an 
ocular than when looking at the object itself with the naked eye. According to 
this, a telescope of unit magnification, consisting of an objective and an ocular 
of equal focal lengths, would have a resolution of 1:10 and would show objects 
ten per cent better than unassisted vision. This deduction has not been verified 
experimentally. 

The resolution of the eye at full aperture, which is unity when looking at 
objects from a distance exceeding 7-50 metres, becomes 1-10 at close range. 
Reverting to equation (2), 

d5¢ pect Vl): 


the following additional rule may now be formulated :— 


(4) At low magnifications, the power of a telescope may be ten per cent greater 
than the magnification, but no more. 


This rule has been confirmed experimentally. 

Whether the increase in the acuity of vision at close range is an actual fact 
or whether the effects observed are due to other causes and may be explained 
otherwise, is immaterial for the purposes of this investigation. 


(1) The Resolving Power of Objectives, by P. G. Nutting—Bulletin of the Bureau of Standards. Vol. 6, No. 1. 
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Relation Between the Pupil Aperture and the Resolution of the Eye. 


Several series of experiments were undertaken for ascertaining the relation 
between the effective pupil aperture and the resolution of the eye. 

Circular holes were drilled through a thin brass plate and carefully measured 
with a micrometer microscope. The plate was fixed at various distances from 
the transparency and the dots examined through the holes. The resolution was 
obtained by multiplying the number of the observed set by :— 


PSL Nes 
42-80 


L being the distance in metres between the perforated plate and the trans- 
parency. 

For data at very close range, the plate was placed at the exit pupil of good 
telescopes of large numerical aperture and low magnification. Two of the series 
are given below, one at a distance of 7-50 metres from the transparency and the 
other with oculars of 32 mm. focal length and smaller. The figures are the mean 
of a large number of observations. 


RELATION BETWEEN THE PUPIL* APERTURE AND IH? RESOLUTION 
OFS ee yb 


RESOLUTION, 7, AT A DISTANCE OF 
PuPIL APERTURE, ¢, IN MILLIMETRES. |___ trees 
7-50 metres. 0-032 metres and less. 
O22) oe SN be caege $2 ait | Sen CTR ooking: OF1 54 
(3 ie Wee Ras tae. ah cn Ls eee 0-230 
ORS SER eek pMed email) Fire were 0-336 
0-65 0-380 0-404 
0-77 0-454 0-485 
1-02 0-588 0-627 
1-18 O= O01 Sag 8 9 eee ating arene 
Ae] Dacron es po ict MES ree tech eee 0-726 
1-34 0-738 0-805 
1-56 0-829 0-890 
1-84 0-916 0-956 
2-02 0-962 1-041 
2-50 1-000 1-102 
275 1-000 1-104 


if 


The observations are plotted in Fig. 1. At 7-50 metres from the trans- 
parency, the resolution of the eye for apertures between 0 and 0-9 mm. is pro- 
portional to the aperture, the equation being :— 


T=()>59%e 


It is the same equation as for a good objective with a somewhat smaller 
resolution factor. 


@ = Pupil’s aperture 
L, 
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Fic. 1—Relation between the pupil’s aperture and the resolution of the eye. 


Above 0:9 mm. the resolution increases more slowly than the aperture until 
it reaches unity for an aperture of 2-5 mm. Beyond 2-5 mm, there is no increase 
in the resolution; it remains constant at unity, which agrees with the definition 
of resolution. 

With oculars at close range, the resolution for apertures between_0 and 0-9 
mm. is also proportional to the aperture, but the equation is :— 


r=(0-63 e 


This is precisely the equation for an objective of good quality. 

Above 0:9 mm, the resolution increases more slowly than the aperture until 
it reaches a value of 1-10 for an aperture of 2-5 mm. Beyond 2-5 mm. the 
resolution remains constant at 1-10. The resolution of the eye at full aperture, 
which, by definition, is 1-00 for distant objects, becomes 1-10 at close range, thus 
showing keener vision at close range than at a distance. 

Taking 15 mm. for the equivalent in air of the focal length of the eye, the 
pupil’s diameters of 0-9 mm. and 2:5 mm. correspond to numerical apertures of 
F/17 and F/6. Up to F/17, its resolution is, like that of a lens, proportional to 
the diameter of the pupil, but it falls short of a good lens at greater apertures. 


|’ 


For application to telescope tests, it is more convenient to plot the resolution 
and magnification factors. The data are as follows: 


RELATION BETWEEN THE RESOLUTION AND MAGNIFICATION FACTORS 
(O)ei Me Ne tsi fel 


RESOLUTION Factor, “» AT A DISTANCE OF 
MAGNIFICATION FACTOR. e€ 


= 7-50 metres. 0-032 metres and less. 
. 364 0-364 0-402 
0 400 0-400 0-441 
9-495 0-476 0-516 
0-544 0-498 0-520 
0-641 | 0-532 0-570 
0-746 0-551 0-601 
OF840 CORN Ne | eee hee 0-610 
0-85 05604", © Apatite ee ee 
0-98 0-577 0-615 
1-30 0-590 0-630 
ihe 0-585. 0-622 
LES Ogee, geen oe te eee et a 0-634 
de (Veeree Pit Fee BAP Leen 0-622 
LOO fh, MSs Beate ee Wee eee 0-628 


The data are plotted in Fig. 2. The observations at 7°50 are marked 
with a small circle: those at short range with a cross. The smooth curves A and 
B represent very nearly the two sets of observations. 


Z = Magnification per millimetre of pupil’s aperture 
0.I 0,2 0.3 OA eeOS: 0.6 0.7 0.8 0.9 1.0 A 1,2 1.3 14 i 


03 © © Observations at 7.50 m. (curve A) | We 


+ + Observations at ale and less (curve B) 


Resolution per millimetre of pupil’s aperture 
° 
fh 
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Fie. 2—Relation between the resolution and magnification factors of the eye. 


iS 


At 7 50, the magnification and resolution factors are equal so long as they 
are below 0-4 (pupil 2.5mm or more). Above 0-4 the resolution factor increases 
more slowly than the magnification factor until it reaches a maximum and 
constant value of 0-59 for a magnification factor of 1-10. 

In the test at close range, the magnification and resolution factors are pro- 
portional so long as they are below 0-4 but they are not equal. 

The relation is:— 


r 1 
sag eae ae Bod 0 
Ex eLe 
which means that the resolution is constant and equal to 1-10. Above 0-4, the 
resolution factor increases more slowly than the magnification factor until it 
reaches a maximum value of 0-63 for a magnification factor of 1-10, beyond 
which it remains constant. The end of the curve B is not shown in the figure: 
it merely extends to the right as a parallel to the axis of abscissae, as far as 
magnification factor 4-00. 
This maximum value of 0-63 compared with 0:59 at 7% 50, illustrates 
again but in a different manner, keener vision at close range. 
The values of the resolution factor at close range, measured from curve B of 
Fig. 2, are given below: they are the values to be used in telescope tests. 


MEAGNIFIGCATION AND.RESOLUTION FACTORS OF THE EYE AT CLOSE RANGE: 


Magnification Factor. Resolution Factor. Magnification Factor.| Resolution Factor. 
0-2 0-220 0-7 0-587 
0-3 0-330 0-8 0-607 
0-4 0-440 0-9 0-619 
0-5 0-511 1-0 0-627 
0-6 0-556 1-1 0-630 


Resolution of a Telescope. 
It is now possible to understand how a telescope should work. In Fig. 3, 
O D F is the curve of the eye’s resolution factor (curve B of Fig. 2). The 
resolution factor of the objective being a constant, it is represented upon this 
diagram by a parallel to the axis of abscissae, which may occupy one of three 
positions. 


If the factor is less than 0-63, the line A EF 
cuts the curve at D. Fora magnification 
factor comprised between O and H, the 
telescope’s resolution factor is that of the 
eye: for a greater magnification, it is that 
of the objective. The resolution is limited 
by the objective: the eye could see more 
than the objective can resolve. 


Resolution Factor 


Magnification Factor 


Fia. 3—Resolution of a telescope 
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An objective with a resolution factor of 0-63 is represented by the line B F 
tangent to the curve. The resolution factor of the telescope is that of the eye, 
whatever the magnification. 

C G represents an objective with a resolution factor greater than 0-63. The 
telescope’s resolution factor must also in this case, be that of the eye, whatever 
the magnification. The resolution is limited by the eye: the objective can 
resolve more than the eye can see. If such an objective exists, the eye is not 
perfect enough as an optical instrument to make use of its full resolving power. 

It would appear from the figure that a telescope of low magnification does 
not require a good objective; provided the objective’s resolution factor is a little 
greater than the magnification factor, objects should be seen as well as if the 
objective were of better quality. 

Conversely, high magnification does not improve the resolution when the 
objective is poor. 


Experiments with Telescopes. 


In order to ascertain whether these theoretical deductions are confirmed by 
observation, experiments were made with three telescopes which, tested by 
ordinary methods, had proved to be of excellent quality. Five oculars were used 
and the telescope’s aperture was varied by diaphragms in front of the objective. 
This procedure is open to the objection that a high grade objective is corrected to 
work at its best with one particular ocular. If the ocular is of short focus, the 
objective appears undercorrected for colour at lower magnifications and the 
definition is impaired.» 

This was evidently the case, more or less, with two of the three telescopes 
experimented with. In the other telescope, which had a comparatively small 
numerical aperture, the effect is not so apparent. 

The results of the tests are tabulated below and are plotted in Figs. 4, 5, 
and 6. On each figure, the curve represents the resolution factor of the eye, 
transferred from Fig. 2 (curve B). 


RESOLUDION EXPERIMENTS WITHS [ECE SCOPES INO@ Oo. 


F=949mm. 
R FOR OBJECTIVE APERTURES OF 
f jpg eee 
76-Omm | 69:0mm | 55:3mm | 46-4 mm} 37-4mm | 30-7mm 
32-00mm 29-66 32-9 32-0 28-9 26-6 220] 19-5 
20-95 45-30 41-0 38-2 32-9 28-9 23-6 19-5 
15a 5 60-26 44.7 41-8 34-9 29-3 23-8 19-5 
9-06 104-7 47-5 44-0 34-9 29-8 24-1 19-5 
4-10 23155 47-7 44.7 35-6 29-5 23-9 19-5 


(1) On the Adjustment and Testing of Telescopic Objectives. By H. Dennis Taylor. 


(BS) 


RESOLUTION eR SPERIMEN TS 2-3, WITE. 2s FELESCOPE™ =NO2] 21) 
F=410-4mm 
R FOR OBJECTIVE APERTURES OF 
i M 
50-6mm) 38-9mm| 33-5mm)| 30-Omm| 24:7mm| 20-2mm)| 16:3mm 
32-00mm 12-82 12-9 12-6 Tes 12-4 12-1 1g sy 9.9 
20-95 19-59 19-4 18-4 17-2 17-0 14-4 ES 10-4 
U5 275 26-06 24-4 21-1 19-2 18-0 14-8 122 10-4 
9-06 745'-30 30-2 24-3 IANS 18-9 15-4 12-3 10-4 
4-10 100-10 D220 Za D Agesy 19.2 15-4 Ay Re | 10-1 
REO we PONS XE RIV ENT Se Wil etECESCOPESNOSI3167 
f'==2 55. 8mm 
R FOR OBJECTIVE APERTURES OF 
f M = 

38-Omm | 30-9mm 23-9mm ash 19-2mm 15-4mm 

32-00mm 7-99 8-53 8-53 8-53 8-39 8-17 7-79 
20-95 1 1 1241 11-8 10-9 10-9 10-4 9-00 
15-75 16-24 13-8 14.5 12-7 12-0 et 9.44 
9-06 28-23 2 Lined 18-7 14-6 13-2 12-0 9-72 
4-10 62-39 24-0 19-6 14-7 132 UZE1 9.74 

797, Fig. 4, the experimental points lie very close to the 


For telescope No. 
curve: the agreement 


= = Magnification Factor 
0.8 


0.9 1,0 


is almost perfect. The observations at magnification 


Resolution Factor 


04 0.5 


0.6 


08 


0.9 1,0 


Fia. 4—Experiments with telescope No. 797. 
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factors greater than 1-65 have not been plotted because the figure would extend 
too far to the right; the resolution factor for all these observations is very nearly 
0-63 so that they all lie on the extension of the curve parallel to the axis of 


abscissae. These observations have also been omitted from the other figures for 
the same reason. 


M = Magnification Factor 
0.I 0.2 Tey fea 0.5 ARES ie 0.8 Sel 1,0 A I, 


2 1,3 14 1.5 ia 


|__lo6 
0.5 ae Eeauao 0.5 
: ttt ++ 
S 
04 04 
Ss 
3 
2 03 0.3 
we 
\I . a 
iD H 
Bees | 
0.1 0.1 


Fic. 5—Experiments with telescope No. 21. 


With telescope No, 21, Fig. 5, the agreement is good at high magnifications 
but there is a slight falling off at medium magnifications. 
The falling off at medium magnifications is a little more marked with tele- 


scope No. 13167, Fig. 6, but the agreement is good at high and low magnifica- 
tions. 


M Magnification Factor 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Woy se 1.2 1,3 4 1.5 1.6 


Resolution Factor 


open 
is 
Fo) 


Fic. 6—Experiments with telescope No. 13167. 


On the whole, the agreement is about as good as could be expected in 
observing with objectives and oculars which were not corrected to work together. 


Experiments with an objective of poor quality are given below: they are 
plotted in Fig. 7. 
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RESOLUTION EXPERIMENTS WITH TELESCOPE NO. 1074. 


F=380 mm. D=43-5 mm. 
NMavuincations79.) sisee sa ie OF 11-9 18-1 21-8 41-8 92-6 
Pee COL OU are Ret tc eco 12-8 17-0 20-0 Aigheas 21-8 


At the low magnification of 11-9 (exit pupil =3-66 mm) which is little more 
than one-quarter of the objective’s aperture in millimetres, the resolution of the 
telescope is as good as that of a perfect instrument. It is limited by what the 


= Magnification Factor 


M 
D 


Resolution Factor 
ro) 
f 


0.2 
a|8 


0 0.2 0.4 0.6 08 1.0 1.2 14 1.6 18 20 2.2 
Fig. 7—Experiments with telescope No. 1074. 


eye is able to see through the ocular, which is less than is resolved by the objective. 
The quality of the objective does not come into play. 

The defective performance cf the objective is brought out at the high 
magnifications of 41-8 and 92-6 (Exit pupils=1-04 and 0-47 mm). If the 
objective were a good one, the resolution should be 27 and 27-4 while it is only 
21-5and 21-8. The eye could see through the ocular more detail than is resolved 
by the objective. 

On the figure, the resolution factor of the objective, 0-50, is represented by 
the line A B parallel to the axis of abscissae and intersecting the curve of the 
eye’s resolution tactor at A. The curve for the resolution factor of the telescope 
should therefore be the line OA B. The observed data agree fairly well with 
this conclusion but the sharp angle at A is rounded off. The effect of the bad 
quality of the objective is felt before the limit of its resolution is reached. 


Resolution of a Perfect Objective. 


The maximum resolution factor of telescopes 797, 21, and 13167 found by 
observation is 0-63; it could not be more because that is the limit for the eye. 
What the observation shows is that the factor for the objectives is no less than 
0-63, but it may be greater. The test fixed only a minimum limit for the 
objective’s factor; the actual value cannot be determined by visual observation. 

In order to elucidate what the actual factor may be, four consecutive sets of 
the dot transparency near the limit of resolution were photographed on a bromide 


dry plate. 
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The diameter of the objective was 0:9 mm. With a resolution factor of 
0-63, the resolution of the lens would have been :— 


R (visual) =0-567 


Resolution being inversely proportional to the wave length of light, this 
number must be multiplied by the ratio of the wave lengths of the light acting on 
the eye and on the bromide plate, about 0-56 and 0:45 microns respectively :— 


R (actinic) = 0-706 


In other words, if 0-567 is the resolution for visual rays, it is 0-706 for 
actinic rays. 

The sets photographed were Nos. 0-656, 0-689, 0-723, and 0-759. The 
first two only should have been resolved. 

The photograph, enlarged three and a half times, is reproduced below (Fig. 
8). The upper part of the figure is the geometrical image of the dots and the 
lower part the actual photograph. Structure is quite distinct in Nos. 0-656 and 
0-689; it is fairly plain in No. 0-723 but is nearly obliterated in No. 0-759. In 


No. 0.656 No. 0.689 No. 0.723 No. 0.759 


Geometrical Image. 


Actual Photograph. 


Fic. 8—Transparency dots and their photograph near the limit of resolution 


the visual tests, an image like this would be read as 0-75; it corresponds for 
visual rays to a resolution of 0-60 and a resolution factor of 0:67. The objective 
appears to resolve 6 per cent more than can be seen by the eye. However, 
further experiments are required before a definite conclusion can be reached. 
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General Considerations. 


As long as the diameter of the exit pupil is not less than 2-5 mm, the 
resolution of an ordinary telescope of fair quality should not be less than the 
theoretical value. Lower values are however found in prismatic binoculars, 
probably due to the kind ot glass used for the prisms. 

Little is to be gained by reducing the exit pupil below 1-32 mm (magnifi- 
cation factor=0-76). The resolution, if the telescope is good, is only five per 
cent below the limit and any increase in the magnification is more than counter- 
balanced by the loss o; brightness of the image. 

If a telescope has an exit pupil of 2-5 mm, the substitution of an objective 
of larger aperture without change in the magnification has no other effect than 
increasing the brightness of the image. It does not increase the resolution. 

Resolution of a definite value can be obtained in a number of ways and with 
telescopes of various sizes; it can be had with a large objective aperture and low 
magnification, or with a small objective aperture and high magnification. A 
resolution of 14, for instance, is obtained with a good telescope of ome and a 
Muatterminch: aperture.(31-/ 9mm) and a magnification of 12</, also with an 
aperture of seven-eighths of an inch (22-2 mm) and a magnification of 22-3. In 
good light, a graduated rod can be read as far with one telescope as with the other 
but there is a vast difference in the aspect of the images. In the larger telescope, 
the image is very bright and sharp, the field is large and the divisions of the rod, 
although very minute, can easily be read. In the smaller telescope, the image is 
coarse and dark and the field very restricted; the divisions of the rod, although 
nearly twice as large as in the smaller telescope, cannot be read any better or 
more accurately. To the superficial observer, it looks as if the larger telescope 
were of better optical quality. On the other hand, the volume and weight of the 
larger telescope, which are proportional to the cube of the linear dimensions, are 
nearly three times those of the smaller telescope, but unless the size and weight 
are inconvenient, the larger one is the more pleasant to work with. 


The Proper Size of Telescope for a Land Surveyor’s Theodolite. 


The best size for a surveyor’s telescope is the smallest that will just meet his 
requirements. From a mechanical point of view, there is an advantage in 
reducing the bulk and weight of a theodolite’s telescope; the instrument is less 
subject to strains and the measuremeats are more accurate. 

For general purposes, a magnification of 12 to 14 is convenient and sufficient. 
With an objective of 14 inches aperture (28-6 mm) the resolution is 13-1 to 
14-7 and the exit pupil 2-38 to 2-04 mm, which gives a fairly bright field. 

For Dominion land surveyors who have to observe the pole star in day 
light and to read at half a mile stadia rods divided to tenths of links, a resolution 
of not less than 20 is needed. This is obtained with an objective aperture of 12 
inches (35 mm) and a magnification of 22:7. The exit pupil is 1-54 mm, which 
still leaves the field fairly bright. The magnification may be increased to 25 for 
which the resolution is 20-6, but the field is not so bright. 
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Magnificatioas of 22-7 and 25 are inconvenient for general purposes; the field 
is too restricted and time is lost in finding the pickets or other marks of the 
survey. A low power eye-piece should be provided for use when the high power 
is not needed. | | 

The above remarks apply to the ordinary engineering and surveying in- 
struments intended to measure angles to half a minute or thereabouts. The 
resolution necessary for resolving half a minute is only 2-8; the power of the 
telescopes specified is therefore more than ample for the measurement of angles. 

The size of the telescope of a level instrument depends upon the graduation 
of the rod and the distance at which it is to be read. The necessary resolution is 
given by equation (1). 
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